GIEBISCH. Micropuncture study of distal tubular potassium and sodium transport in rat nephron. Am. J. Physiol. The results of many of these studies have led to the thesis that an adequate supply of sodium at the tubular site of potassium secretion is essential, secretory potassium movement being coupled to reabsorption of sodium in a carrier-mediated tubular ion exchange process (3, 8, 22 ). The present study was undertaken to investigate the relationship between distal tubular sodium and potassium transfer in rats under various conditions of sodium loading and deprivation. These experiments provide information on the site and extent of tubular reabsorption and secretion of potassium along the nephron during widely differing transport patterns of sodium ions. In addition, the effects of variations in transtubular concentration gradients of sodium and potassium on the corresponding electrical potential gradients were evaluated.
METHODS
Male albino rats weighing 300-450 g, anesthetized by intraperitoneal injection of pentobarbital (30-40 mg/kg body wt) were used. One group of animals had free access to water and was kept on a control diet of Purina laboratory chow (0.72 % K, 0.46 % Na). A second group was fed a commercial sodium-free diet (Nutritional I3io-chemical Corp.) and distilled water (28). Some of these latter rats received deoxycorticosterone (Doca) for at least 2 weeks prior to the experiment at a dose of I mg/ day, intramuscularly.
To test its hormonal efficacy, a similar group of five animals received sodium supplements in the form of the addition of I % NaCl to the control diet and substitution of isotonic sodium phosphate (pH 7) for drinking water while receiving I mg/day 53O suppressed renal potassium loss and the development of hypokalemic alkalosis (3, I I, x8). One of the groups maintained on the low-sodium diet received a supplement of 6 % KC1 in the diet and halfisotonic KC1 substituted for drinking water for at least 3 weeks prior to the experiment.
This was done in order to test the effects of dietary sodium depletion on the efficiency of the rat kidney to excrete an exogenous potassium load. During the experiment, the rats maintained on the control diet received an infusion of either isotonic saline at a rate of 2 ml/hr, 4 % NaCl, or z X isotonic sodium sulfate, the latter two at a rate of 4 ml/hr. The animals on a low-sodium diet were given either 5 % glucose at 0.5 ml/hr, or I: o % mannitol in water or in isotonic KC1 at 4 ml/hr. Inulin carboxyl-Cl4 was added to all infusion fluids as outlined in a previous paper (28). Collections of tubular fluid as well as localization of puncture sites were made by methods described in studies from this laboratory (28, 45), Particular care was taken in the collection of tubular samples from the late portions of the distal tubule in rats undergoing osmotic diuresis. Under these conditions, reflux of tubular uri ne from the collecting duct was a fairly frequent occurrence unless special precautions were taken. These consisted in the careful placement and observation of an adequate large oil block distal to the puncture site dur- Transtubular electrical potential differences were measured in separate groups of rats maintained on the described diets and infusions by means of glass microelectrodes (28). Methods for sodium and potassium analysis as well as the radioassay of inulin-Cl4 carboxylic acid were the same as described in a previous paper (28).
RESULTS
The influence of widely varying patterns of sodium and potassium metabolism on renal sodium and potassium transfer was studied in several groups of rats. Thus, the behavior of distal tubular potassium transfer was assessed when the tubular sodium load was increased, either in the presence of an easily reabsorbable anionic species (NaCl loading), or when the poorly reabsorbable sulfate ion extensively replaced chloride (NazS04 loading). The effect of intravenous mannitol loading subsequent to dietary sodium deprivation was also examined since, in the rat, administration of this poorly reabsorbable nonelectrolyte effectively reduces tubular sodium concentration (45), such a regimen affects the ability of epithelium to secrete potassium ions, ments was also carried out in which a 1 urinary and intraTo test whether the distal tubular a series of experi-1 exogenous potas-DISTAL   TUBULAR  POTASSIUM  AND  SODIUM  TRANSFER  521 sium load was given to such sodium-deprived and mannitol-loaded rats. Since dietary sodium deprivation depresses urinary potassium excretion in the nondiuretic state (22) , studies were also undertaken to evaluate the tubular transfer of sodium and potassium in low-sodium animals and in a similar group of rats which, in addition, had also received Doca. It has been shown that the administration of this mineralocorticoid fails to induce kaliuresis and potassium depletion whenever sodium intake is low. It seemed therefore of particular interest to examine under both experimental conditions whether the low'urinary excretion rates of potassium are a COTIsequence of a critically diminished sodium supply to the distal tubular site of potassium secretion (28). A summary of the effects of these procedures on plasma levels of sodium and potassium, on filtration rate, a-rid fractional excretion patterns of water, potassium, and sodium is shown in and values only slightly higher were observed in those rats in which an intravenous infusion of a mixture of IO % mannitol plus isotonic KC1 was given. Fractional reabsorption rates of sodium are presented in the lower part of Fig. 4 . They indicate the previously noted shift in the segmental tubular reabsorption pattern during mannitol diuresis (I 4, 45). Proximal depression of sodium reabsorption is associated with some compensatory increase in reabsorption along more distal nephron segments, as evidenced by the low fractional ulrinary excretion rates. Figure  5 graphically illustrates the behavior of the distal tubular epithelium with respect to the transfer of sodium ions in the last two groups of rats. Tables 1 and  8 summarize data from individual experiments. Both groups of animals were given a low-sodium diet for several weeks. In addition, one of the groups received Doca for at least z weeks prior to the experiment.
As pointed out before, the administration of a low-sodium diet protected the animals from developing Doca-induced hypokalemic alkalosis. With respect to tubular sodium transfer, the following points should be emphasized. It is likely that some enhancement of sodium reabsorption may have occurred along the loop of Henle since the fractional amounts of sodium at the earliest part of the distal tubule are slightly less (5-7 %), when compared to animals on a control diet (8-1 o %). It is, however, an increased rate of sodium reabsorption along the collecting ducts, and not an augmented rate of sodium reabsorption along the distal tubule, which is responsible for the remarkable steepness of the fmal urinary sodium concentration gradient, and for the maximal reduction of excretion rate which we observed under both experimental conditions. This is a consequence of the fact that below unity were regularly observed. In animals receiving sodium sulfate, fractional potassium excretion (mean value : 0.60) was significantly higher than in those undergoing sodium chloride diuresis (mean: 0.48, 0.01 < P < 0.05). This is mainly a consequence of a different behavior of the distal tubule and collecting duct: I) a comparison of the potassium TF/P ratios at 80 % distal tubular length indicates a higher capacity to establish transtubular potassium gradients in rats receiving hypertonic sodium sulfate than in those given hypertonic sodium chloride (P < 0.0 I ) ; 2) a comparison of the regression line relating K/In-TF/P ratios to distal tubular length in both groups of animals (Figs. 6 and 7, lower part) shows that there is no difference in the origin of the respective lines. Furthermore, a comparison of these regression lines with those relating the fraction of potassium present along the distal tubule in nondiuretic control animals ( Fig. I I) demonstrates that, at the effect in reducing urinary sodium concentration to very low levels, a situation which conceivably could also have led to a reduction of distal tubular sodium concentration and thereby to a curtailment of distal potassium secretion (3) l However, as discussed previously, and as demonstrated in Fig. 4 and Tables 5 and 6 , the reduction of the urinary sodium concentration is predominantly a function of the collecting duct epithelium and not of the distal tubule. Table g . In general, the experimental procedures did not lead to large changes in the electrical potential differences measured. An exception is the group of animals receiving sodium sulfate, a procedure which, in agreement with others (T), was observed to lead to a marked increase in potential differences across the distal tubular epithelium.
On the other hand, distal transtubular potential differences slightly lower than control values were observed in animals kept on a low-sodium diet and receiving IO % mannitol intravenously.
D1SCUSSION
The present series of experiments further supports the view that most of the filtered potassium is reabsorbed along the proximal tubule and the loop of Henle, and that the excreted moiety is of predominantly secretory origin (3-5, I 4, 28) . This is evident from inspection of Fig* I (Fig. I I) . Conceivably, this could also be a consequence of enhanced secretion along the very early part of the distal tubule that is not available for micropuncture. However, such an interpretation is highly unlikely in view of the fact that net secretion of potassium along the remainder of the distal tubule is not augmented but relatively decreased during mannitol infusion. Conditions are more complicated with respect to the elects of sodium sulfate loading, a situation in which distal potassium secretion is knhanced. As indicated in Fig. I I, the amount of potassium present at the early distal tubular level is not different from that during control conditions, despite the fact that 60 % of the filtered potassium is excreted during Na. animals : 4 %, high-K, Sod-loaded animals: I 51 %), the fraction of potassium present at the beginning of the distal tubule varies but little. Thus, despite large variations in urinary excretion rates fractional net reabsorption rates along the proximal tubule and the loop of Hen1 .e are quite comparable.
On the other hand, the secretory contribution of the distal tubule shows sign& cant differences depending on the metabolic situation, and is thus one of the main determinants of urinary potassium excretion.
Two additional characteristics of renal tubular potassium transfer deserve comment. These concern the possible and exceptional contribution of diminished proximal tubular reabsorption to the urinary excretion pattern, and the role played by the collecting ducts in modifying urinary potassium excretion. 3lP  33p  53p  58P  49p  46P  45p  58P  3op  I5P   86D  33D  3oD  47D  49D  56D  42D  36D  32D  a7P  37D  33D  85D  4TD  79D  74D  25D  7QD  6JD   73D  73D  81D   9ID tion of the moiety of potassium present at the end of the distal tubule was accomplished by the activity of the collecting ducts. This holds over a wide range of fractional potassium excretion rates, varying from about 30 % of the filtered load in mannitol-infused rats to approximately I50 % in sulfate-and potassium-loaded rats receiving dichlorphenamide.
A comparison, in individual experiments, of late distal potassium-to-inulin TF/P ratios with the corresponding U/P ratios frequently shows, in confirmation of Hierholzer (16) , a moderate secretory contribution of the collecting duct epithelium during states of augmented potassium excretion, but occasionally some net reabsorption has also been observed. However, significant net reabsorption along the collecting ducts was consistently seen in control rats at low urine flow rates (28), in rats maintained on a lowpotassium diet (28) and also, as shown in the present series of experiments, subsequent to dietary sodium deprivation, notably when deoxycorticosterone treatment is also superimposed (see Fig. I 0) . Consequently, the collecting duct epithelium can contribute significantly to the reduction of urinary potassium excretion. Both diminished or absent distal tubular secretion and reabsorption along the collecting duct epithelium are responsible for the low excretion rates of potassium in .the sodiumand potassium-depleted state. Under certain conditions (particularly in rats on a normal potassium intake at low urine flow rates) the net movement of potassium occurs in three subsequent steps: I) net re- A comparison of late distal and ureteral urine concentration ratios indicates a variable behavior of the collecting duct epithelium with respect to potassium transfer. At higher urine flow rates, no major modifica- It is this nephron segment across which the steepest concentration gradients are established. It can also be concluded that the transfer capacity of the distal tubules and coIlecting ducts is limited. Under conditions of hypertonic sodium chloride or sodium sulfate loading, as well as after the administration of dichlorphenamide (x4, 30), the sodium transport system along these nephron segments becomes saturated and the slope relating distal tubular sodium concentration to tubular length is reversed. Under such conditions, despite the fact that the fluid volume remaining within the lumen is increased, as compared to nondiuretic conditions, the transtubular sodium concentration gradient which normally develops across the collecting ducts is inverted (see Fig. 3 ). Accordingly, the concentration of sodium in the final urine exceeds significantly that at the end of the distal tubule.
The present study permits some assessment of the role of distal tubular sodium reabsorption in the secretory process of potassium. An evaluation of the quantities of sodium reabsorbed and those of potassium secreted along the distal tubule and the collecting ducts indicates that the distal convoluted nephron segment is the main site of potassium secretion, whereas the colIecting duct is the site where the lowest sodium concentrations are achieved. This dissociation of the main nephron sites for potassium
No, DOCA secretion and for establishing maximal gradients of sodium ions is of importance to a consideration of the thesis that the capacity to secrete potassium depends critically on the amounts of sodium available for exchange at the tubular secretory site (3, 8) . Within this context, it has frequently been suggested that the distal tubular capacity to secrete potassium may be brought into action by the delivery to it of more adequate amounts of sodium (3) Such considerations demand that, if a one-to-one exchange of potassium for sodium were the sole mode of potassium secretion, the reabsorption of sodium be almost complete prior to the site of potassium secretion, i.e., by the time the tubular fluid reaches the early part of the distal tubule. Only then would it be expected that increased delivery of sodium, either by sodium loading and thus by surpassing the transport capacity of the proximal tubule and the loop of Henle, or by blocking sodium reabsorption at these nephron sites, would allow promotion of potassium secretion. Normally, the amounts of sodium reabsorbed along the distal tubule greatly exceed the amounts of potassium secreted. Thus, at normal plasma levels and rates of filtration, sodium reabsorption of g % of the filtered load amounts to about 70 pEq/ min per kg rat, and potassium secretion of about I e-24% of the filtered load to 2.4-4.8 &q/min per kg rat. Accordingly, the sodium load is normally not limiting for potassium exchange. This conclusion is also supported by the fact that the sodium concentration at the beginning of the distal tubule exceeds that of potassium by at least an order of magnitude, and by the end of this nephron segment does not, in general, fall below the simultaneously achieved concentration of potassium. From this relationship between distal tubular sodium and potassium transfer, it is obvious that the kaliuretic effect of sodium chloride or sodium sulfate loading cannot be explained by delivery to the distal tubular site of potassium secretion of a more adequate load of sodium in the sense of providing previously inadequate substrate for a carriermediated ion exchange. Clearly, the amount of sodium at this nephron site prior to any procedure designed to cause an increased fraction of filtered sodium to be present at the early distal tubular level was not limiting for a one-to-one exchange.
The mechanism by which any supraoptimal distal sodium load enhances potassium secretion must be different from its assumed role in such a limited supply hypothesis.
A similar conclusion is reached when the experiments dealing with dietary sodium depletion are considered. A comparison of mean fractional excretion rates of potassium indicates that sodium-deprived animals excrete only about one-fifth to one-fourth of the amount excreted by rats kept on an adequate supply of sodium (see Table I ). This observation is in full agreement with findings in other species (g, 18, 22, 35, 36) and emphasizes the fact that in the rat, too, a low dietary sodium intake reduces potassium excretion.
We have also confirmed the observations made by Seldin et al. (36) that dietary sodium deprivation protects rats from potassium depletion by Doca, and similar findings have also been reported in dogs (18, 22) and in man (9, 35). It has been proposed that the enhanced tubular reabsorption of sodium subsequent to sodium deprivation occurs proximal to the site of sodium exchange for potassium ions, and that potassium secretion might be limited by the lack of sodium ions available for exchange with potassium. This would also explain the prevention of kaliuresis subsequent to Doca administration in the sodium-depleted state. Our results do not support this thesis. It can be seen from inspection of Fig. 5 that, although the final urine was almost free of sodium, the fraction of the filtered sodium which entered the distal tubule still amounted to approximately 4-6 %, and an estimate of the amount of sodium reabsorbed shows that it exceeds the amount of distally secreted potassium by at least 2o-fold. Since the concentration of sodium at the beginning of the distal tubule again exceeds that of potassium by no less than one order of magnitude, it follows that, in the rat, neither the amount of sodium entering the distal tubule nor the intratubular sodium concentration was rate limiting if a one-to-one exchange of potassium for sodium were the mode of distal potassium secretion? Accordingly, in view of the obvious adequacy of distal intratubular sodium supply, decreased potassium excretion during dietary sodium deprivation, achieved both by diminished distal tubular secretion and significant reabsorption along the collecting ducts, is not the consequence of enhanced sodium reabsorption proximal to the site of potassium secretion An increased rate of sodium reabsorption, as reflected by the very low urinary concentration, is mainly the function of the collecting duct epithelium, i.e., a nephron site beyond that where the bulk of potassium secretion takes place.
The present series of experiments also included a group of sodium-depleted rats which received both a chronic and an acute load of potassium to test whether their capacity to secrete potassium ions along the distal tubule is compromised.
In these animals, significant tubular secretio.1 of potassium could be demonstrated. This is evident from a mean urinary excretion rate approaching the filtered amount of potassium (in some instances K/In-TF/P ratios exceeded unity) and a very strong distal secretory component to the excreted moiety. These observations confirm the results of a study by Anderson and Laragh (I), who evaluated the renal excretion of potassium during acute, massive loading in sodium-depleted dogs and found the renal excretory capacity quite similar 6 to that of control animals on a normal sodium intake. It may also be concluded, from the very significant secretory contribution of the distal tubular epithelium in sodiumdepleted rats receiving a massive intravenous potassium load, that the very low or even absent distal tubular secretion observed in similar animals not receiving such an exogenous potassium load does not represent an inherent incapacity of this nephron segment to secrete potassium ions into the lumen since it can be overcome by exogenous potassium loading.
An assessment of distal tubular sodium transport, under conditions in which potassium secretion along the distal tubule is increased by sodium chloride or sodium sulfate infusions, shows stimulation of potassium secretion to be associated with a considerably reduced rate of sodium reabsorption along this part of the nephron (Fig. 3) . The observation that an enhanced rate of distal tubular potassium secretion occurs at a time when sodium reabsorption along the very same nephron segment is reduced should not be interpreted in favor of potassium being secreted into the distal tubule in association with an anion. Although our data do not rigorously exclude such a possibility, there is considerable indirect evidence against such a mode of potassium secretion (3, 4) . Furthermore, net reabsorption of some I. % of the filtered load of sodium would be adequate to cover the amount of potassium secreted and the scatter of the sodium-to-inulin TF/P ratios during sodium chloride or sodium sulfate loading could have masked some sodium reabsorption of such magni- Since the distal tubular epithelium is a site where the transtubular potential difference can also be augmented by administration of a poorly reabsorbable anion such as sulfate (7, 28, 2g), the effect of sodium sulfate infusions on tubular potassium entry would be to achieve an increase in the peak concentration ratio.7 Indeed, significantly higher transtubular concentration gradients for potassium were observed across the terminal portion of the distal tubule during hypertonic sodium sulfate 7 It is realized that the delivery of sulfate ions into the distal tubule may enhance the transtubular electrical potential difference both by supplying more sodium and a less permeant anion. This is a consequence of the fact that polyvalent anions deliver more sodium per unit volume into the distal tubule than do univalent sodium salts (7, 13, 4614 loading than when hypertonic sodium chloride was given (peak TF/P ratios about 5 and 2, respectively (P < 0.01). i.e., whenever the distal tubular lumen maintains a higher degree of electronegativity.
Furthermore, available evidence also suggests that the same mechanism may be underlying the observation that, for a given kaliuretic dose of Doca, sodium phosphate is more powerful than sodium chloride in promoting urinary loss of potassium (36). Also, the observation of a kaliuretic effect of sodium in the form of sulfate or neutral phosphate when administered in the state of maximal potassium conservation, an effect not shared by sodium chloride (2 7), is consistent with the view that enhanced potassium excretion is mediated by increased intratubular negativity. Both phosphate and sulfate are known to augment the distal transtubular potential difference (7). F inally, the presently proposed mechanism of electrical coupling for the interrelationship between sodium and potassium transport would also explain the apparent absence of a one-to-one (or any other fixed) exchange ratio between sodium reabsorption and potassium secretion (41). A fixed stoichiometric relationship would be expected if carrier-mediated sodium for potassium exchange were the mechanism for distal tubular potassium secretion. A much more complex relationship between intratubular sodium concentration and potassium secretion would obtain if sodium ions exert their effect by means of alterations in the electrical potential difference across the distal tubule (I I, I 3).
If the electrical potential difference across the collecting duct, as across the distal tubular epithelium (I 2, I 3)9 were partly dependent on the concentration of sodium ions, reabsorptive loss of potassium from this nephron segment might be expected whenever the sodium concentration and the electrical potential difference fall strikingly along this tubular segment. A survey of our data on potassium transfer across the collecting duct at low and intermediate urine flow rates shows that potassium reabsorption is most significant under those very conditions when sodium reabsorption along this part of the nephron is almost complete and the urinary concentration minimal ( < I mEq/liter).
Conversely, potassium reabsorption along the collecting duct is absent whenever sodium reabsorption is diminished along the collecting duct and the sodium concentration remains high. This relationship between sodium concentration and potassium reabsorption along the terminal collecting duct epithelium is consistent with the view that the extent of reabsorption of potassium from this part of the nephron is partly affected by the magnitude of the electrical potential gradient. However, an exact evaluation of the nature of the transfer of potassium across the epithelium of the collecting ducts must await a more precise knowledge of the electrical driving force at this site under those conditions in MALNIC, KLOSE, AND GIEBISCH which significant alterations in the potassium transfer rate have been observed.
The present considerations concerning the role of the distal transtubular potential difference in determining the rate of net entry of potassium ions should not be taken to mean that changes in the electrical driving force are the sole factor responsible for alterations in distal tubular potassium transport.
Thus, without major differences in the magn tude of the electrical potential gradient across the distal tubular epithelium, distal tubular potassium secretion is reduced in animals kept on a low-sodium diet (Fig. I I) 
